We find that minimizing the number of fine tuning relations in non-supersymmetric models can determine the scales at which gauge symmetries beyond the standard model must break. We show that B-L gauge symmetry of the minimal left-right symmetric model breaks at a scale 10 15 GeV or higher, determined by the hierarchy problem and small quark mass ratios, provided parameters that break chiral or µ−symmetries are not fine-tuned. This provides the raison d être for the seesaw scale ∼ 10 15 GeV indicated by neutrino experiments.
Introduction: What we make of the hierarchy between the weak scale (v wk ∼ 246GeV ) and the reduced Planck scale (M P l ∼ 2.4 × 10 18 GeV ), can determine where we expect the next scale of new physics to be. Note that radiative corrections to v 2 wk of the order h 2 t M 2 P l /(16π 2 ) (with top Yukawa coupling h t ∼ 1) would shift it towards the Planck scale unless there is fine tuning or a precise cancellation of such large terms to generate the small weak scale. This fine tuning of the standard model is the well known hierarchy problem [1] [2] [3] .
In order to avoid fine tuning, new physics such as supersymmetry that solves the hierarchy problem was expected close to the weak scale. However despite direct and indirect searches, no hint for such new physics has been found. Thus the minimal supersymmetric standard model is now considered to be fine tuned to a 1% level or worse (see for example [4] [5] [6] ). It appears that nature accepts fine tuning of gauge symmetry breaking scales and it is possible that there is no supersymmetry (or no SUSY till Planck scale).
However there is some evidence for a new high energy scale in nature. The neutrino mass data [7] (|∆m 2 32 | = 0.0023eV
2 ) points to a seesaw [8] [9] [10] [11] The standard lore is that this is near where the weak, strong and electro-magnetic forces unify. However several grand unified theories (GUTs) are tightly constrained or ruled out. For example a recent paper [12] finds that only one chain of non-supersymmetric SO(10) breaking is still consistent with data and that the constraint of unification of couplings determines the intermediate seesaw scale to be ∼ 10 11 GeV , with grand unification at 10 16 GeV . However the model suffers from a "very large level of fine-tuning" (quoting [12] ) and "...the idea of an SO(10) GUT is very appealing but all its practical realizations are clumsy, more so in the non SUSY case because of the hierarchy problem...." .
Historically the extended survival hypothesis [13] [14] [15] used in grand unified models such as [12] , was motivated by the desire to minimize the number of fine tuning relations [14] . The hypothesis however is to minimize the Higgs multiplets that are needed at lower and intermediate mass scales, rather than the number of fine tunings.
Instead of taking the grand unified route, we ask how many fine tuning constraints are actually necessary in non-supersymmetric theories to keep the scale of gauge symmetry breaking small? In the standard model 
In exact analogy with the standard model we expect that one fine-tuning relation is required to keep v 2 R M 2 P l . Therefore, totally we require two fine tunings for gauge scales in this model -one to ensure v In this work we show that if we allow exactly two fine-tuning relations in the minimal left-right symmetric model, while v 2 R M 2 P l is possible, v R cannot be kept arbitrarily small and there is a meaningful lower bound
GeV . The reason for the bound is that a chiral µ−symmetry is needed along with the two finetuning relations to obtain the correct symmetry breaking pattern. However the µ−symmetry is approximately broken by small second generation Yukawa terms to obtain the proper quark mass spectrum. The hierarchy problem then reappears to destabilize the symmetry breaking pattern, but the quadratic divergence from the Planck scale is now suppressed by second generation Yukawas, leading to a scale of 10
B−L triggers the seesaw mechanism, and the see-saw scale ∼ 10 15 GeV hinted at by neutrino mass data is thus generated by the hierarchy problem.
Thus without using any grand unification constraints, we can obtain meaningful bounds on gauge symmetry breaking scales and a raison d être for the seesaw scale. The idea of minimizing the number of fine-tunings and using the hierarchy problem and chiral symmetries to provide limits on gauge symmetry breaking scales can be generalized to other groups.
Hierarchy problem in left-right models: We consider the minimal Left-Right symmetric model [16] [17] [18] 
) and ∆ L (1, 3, 1, -2), and bidoublet φ (1, 2, 2, 0). We impose parity (P) under which, as is usual, φ → φ † and subscripts L ↔ R for all other arXiv:1401.5066v1 [hep-ph] 20 Jan 2014
fields. The scalar fields have the form is a much smaller induced VEV. We designate these by
with v 2 wk = |k 1 | 2 + |k 2 | 2 and study the fine-tuning implications to obtain the hierarchy v
where the cut-off scale of the theory is taken to be M P l . Note that the fine tuning of the weak scale from v R scale in left-right models was discussed in [19] . However fine tuning issues of weak and v R scales due to quadratically divergent radiative corrections from a cut-off scale (such as M P l ) much greater than v R were not studied.
To simplify calculations, without loss of generality, we take all VEVs to be real. In fact all parameters of the Higgs potential are real due to parity, except for one that is discussed in the comments at the end.
Relevant Higgs potential terms (using standard notation, see for example [19, 20] ) that involve only
2 . Ignoring coupling terms with φ, the above potential can be minimized (for µ owing to the hierarchy problem, it is understood that it has been fine tuned to cancel these corrections, so that v 2 R can be much less than M 2 P l . This fine tuning cannot be avoided in non-supersymmetric models
We impose a chiral µ−symmetry under which φ → e iβ φ (we provide transformations of other fields when they appear later) and write the terms involving φ (but ignore terms involving ∆ L until later) in the Higgs potential responsible for electro-weak symmetry breaking:
whereφ = τ 2 φ τ 2 . Substituting for the VEVs from equation (2) we can rewrite the above as
It is easy to see that if µ 2 1 is fine tuned so that the quantity in the brackets of the first term of equation (4) is of the order of the −v 2 wk , minimization with respect to k 2 and k 1 leads to k 2 = 0 and v wk ≈ k 1 = (µ 2 1 − α 1 v 2 R /2)/λ 1 . This is the usual fine tuning that needs to be done to keep the weak scale small. Note that we have assumed α 3 > 0 and the quantity in brackets of second term of eq. (4) can be rewritten as
R . This implies that the second Higgs doublet (that is fields with subscript 2 in matrix representing bidoublet φ in equation (1)) has a mass m H2 = α 3 /2 v R . We can in principle provide a small VEV to k 2 without any more fine tuning by breaking the µ−symmetry softly,
This term adds −2µ 2 2 k 1 k 2 to equation (4) . Minimizing with respect to k 2 now gives to the lowest order
Ignoring the quantity in brackets of the first term of (4) that has been fine tuned to be at weak scale, note that µ
As long as the µ−symmetry breaking is soft, µ 2 2 does not receive quadratically divergent radiative correction from the Planck scale and can be naturally small. However the µ−symmetric Yukawa terms (with {Q iL , φ} → e iβ {Q iL , φ} and Q iR invariant under µ−symmetry) which provide masses to quarks are of the form i,j=1,3
h ijQiL φQ jR + h.c.
where
T are the left and right handed Quark doublets of the i th generation and are represented by 2 × 1 column vectors in isospace. Substituting for the VEVs of φ we can see that the up and down quark mass matrices are proportional to each other. Therefore they can be simultaneously diagonalized and hereafter we work in the basis where h ij is diagonal. We can now obtain the quark masses in terms of the Yukawas. Writing these explicitly we get,
From the above we obtain k 2 /k 1 = m b /m t . However the mass of the strange quark turns out to be too low, m s = h 22 k 2 / √ 2 = (m b /m t )m c . Also the Cabibo-KobayashiMaskawa (CKM) mixing angles vanish. Therefore we must allow for approximate breaking of the µ−symmetry by Yukawa terms of the kind
so that we now have
Note that the occurrence ofh 23 (=h 32 ) in equation (9) is because Yukawa matrices involving the bi-doublet are Hermitian due to parity, as is well known in left-right symmetric models.
Since µ−symmetry is approximately broken by Yukawa terms, µ 2 2 receives a quadratically divergent radiative contribution at 1-loop level from diagrams involving the second generation such as the one in Figure 1 . We evaluate such diagrams by providing a cut-off at the reduced Planck scale and find the radiative correction at one-loop level,
The factor of 6 in the first numerator is to account for the 3 colors of the strange quark, and because there is also an equal contribution from a similar diagram with the charm quark in the loop (with h 22 andh 22 interchanged). The 2 in the denominator accounts for the trace in eq. (5). Since
if we do not allow fine tuning of equation (12), so that there is no precise cancellation between the bare and radiative terms, we obtain the bound
This bound on µ 2 2 translates to a bound on v 2 R through equation (6) . Combining equations (13), (11) and (6), and using (8) and (10) to express the Yukawas in terms of quark masses (with k 1 ≈ v wk ), we get the following lower bound on v R
Several papers have results on the running Yukawa couplings in the standard model. We use the results of Das and Parida [21] (updated recently in [22] Substituting in (14), we get the bound
where we used M P l = 2.4 × 10 18 GeV . Note that the left hand side of (15) is √ 2 times the mass of the second Higgs doublet. Since we expect in the perturbative regime, α 3 < ∼ 1, equation (15) evaluated with α 3 = 1 also provides a lower bound on v R . That is v R > ∼ 2.5 × 10 15 GeV. Note that instead of the scale 2 × 10
16 GeV , if we use the Yukawa couplings evaluated at the scale 10T eV (from a recent paper by Antusch and Maurer [23] ), we get √ α 3 v R ≥ 1.8 × 10 −3 M P l . This shows that the scale or the method used to evaluate the Yukawas does not make much of a difference to the bound.
The dots in equation (9) represent other terms that approximately violate µ−symmetry, that can potentially be there. However for the purposes of our lower bound calculation, the strength of their couplings can be neglected without resorting to fine-tuning. For example the termh 33QLφ Q R , can be radiatively generated at one-loop with the strength (up to logarithmic factors) h
Since h ij is diagonal there is no contribution toh rad 33 from the combination of Yukawas (h 33h32 h 23 ). Therefore we can choosẽ h 33 < ∼ h 22h22 without fine tuning, so that its contribution to µ
2(rad) 2
is at most of the same order of magnitude as already present in equation (11) .
Seesaw scale -The bound value v R ∼ 2.5 × 10 15 GeV we obtained is close to the seesaw scale hinted by neutrino experiments namely
15 GeV , which suggests that the seesaw scale is determined by the hierarchy problem and small quark mass ratios. Since we have imposed an approximate µ−symmetry, we will now verify that the terms necessary for seesaw mechanism are not suppressed.
As before under µ−symmetry, {φ,
There is only one P and µ−symmetric quartic term in the Higgs potential that contains all three fields -
. The remaining µ−symmetric terms containing ∆ L relevant for providing it a VEV are −µ
Rewriting the Higgs potential in terms of the VEVs using equation (2) , recalling that v 
with i = 3 (or i = 2) depending on whether it is normal (or inverted) hierarchy. Substituting our bound value, v R ∼ 2.5 × 10 15 GeV and v wk ∼ 246GeV , we see that if the quantity in the square brackets has a natural value around 1.4 for i = 3 (or i = 2), we obtain the observed |m
15 GeV , the full seesaw mechanism can proceed either as Type II or Type I seesaw, or a hybrid of the two. A few comments --If the hierarchy problem is solved at a scale Λ, then M 2 P l in equations of this work will be replaced by Λ 2 .
-The lower end of the bound in equation (14) , that is v R ∼ 10 15 GeV , corresponds to the minimum violation of µ−symmetry needed to obtain the quark mass spectrum. It also corresponds to not introducing an additional scale through the term µ 
determines
√ α 3 v R to be at the lower end of the bound.
-If we add a second bi-doublet φ , without any additional fine tuning, its mass will naturally be of the order M φ > ∼ M P l /(4π). Though with two bi-doublets the µ−symmetry can be broken only softly, the soft symmetry breaking mass term involving φ such as T rφ † φ must be at a large scale ∼ (m s /m t )M 2 φ in order to obtain the needed VEVs for φ . Thus the µ−symmetry is once again broken at a large scale, which in turn radiatively generates the µ 2 2 term of first bi-doublet φ and results in a significant lower bound on v R as before. Depending on choice of parameters, the exact bound value will change. The effective theory below M φ is the minimal model.
-α 2 , the only complex parameter in the Higgs potential of the LR model is naturally small, since the term α 2 T r(φ † φ)T r(∆ † R ∆ R ) (with its parity counterpart) breaks µ− symmetry. Thus this term is under control for the purposes of our calculation. However in LR models it is the source of the strong CP problem which can be solved without requiring an axion as shown in [24, 25] . If a family of vectorlike quarks needed for the strong CP solution are at the Planck scale, the theory below it is our minimal LR model. The predictions of this ultra-violet completion are a measurable strong CP phase (neutron electric dipole moment (EDM)) that is radiatively generated in a large region of the parameter space, no electron EDM due to the high scale of new physics; and in the minimal version an absence of all leptonic CP phases [24, 25] . If v R ∼ 10 15 GeV is the next scale of new physics then these predictions maybe the only window for more evidence on left-right symmetry. Conclusion -In non supersymmetric theories fine-tuning of gauge symmetry breaking scales is necessary. By imposing a very reasonable condition that only VEVs that are actually needed to break gauge symmetries are fine tuned, while parameters that break chiral or µ−symmetries are not fine tuned (since their smallness ought to be natural due to the chiral symmetry), we have shown that we can obtain meaningful bounds on gauge symmetry breaking scales, that depend on the hierarchy problem and small quark mass ratios that break chiral symmetries. In particular we find that the B − L breaking scale in minimal left right symmetric model v B−L ∼ v R > ∼ 10 15 GeV . Since B − L breaking triggers the seesaw mechanism, it leads to the understanding of seesaw scale ∼ 10
15 GeV indicated by neutrino experiments, without need for grand unification constraints.
